We performed a series of experiments to examine the aspects of deposit feeding that were relevant to studies of resource variability over short time scales. We examined particle-size selectivity, gut volume, gut residence time, and the response to a change in diet in three polychaete species: Spiochaetopterus oculatus, Spio setos and Marenzelleria viridis. All three species were particle-size selective and had similar gut volumes and gut residence times. Thus, measurements of bulk sediment characteristics are largely irrelevant to the studies of their nutrition. In response to a step change in diet, changes in the egestion rate were accomplished by smooth transitions between steady-state rates occurring over 1 to 2 h. The form of this modulation suggests that these organisms do not respond to changes in diet by temporarily retaining or flushing the material in the gut in order to increase digestive yield. The time scale of the response to a change in diet provides evidence for a foregut/midgut feedback mechanism for inducing changes in feeding rate due to sediment food concentration. If the time required to modulate the feeding rate to a new steady state is more rapid than the time scale of food-resource variability in the field, it is unlikely that a response other than a gradual transition to a new ingestion rate would provide a significant advantage.
Deposit-feeding marine polychaetes live in a temporally and spatially heterogeneous environment. Previous results have shown that food resources in surficial sediments can change on a daily time scale in response to storm-associated sediment transport (Miller et al. 1984; Bock and Miller 1995) . Specifically, feeding areas can be depleted with respect to sedimentary organic matter (Miller et al. 1984; Bock and Miller 1995) and preferred particle sizes (Luckenbach et al. 1988) . On large spatial scales, sediment transport can move organic matter many meters (Levinton and McCartney 1991) . On small spatial scales, individual grains in a sedimentary deposit may vary in terms of grain size and organic matter per particle (Mayer 1994a,b) . Deposit feeders are known to feed selectively on the basis of grain size and organic coating when presented with a choice (Taghon 1982; Self and Jumars 1988) . Thus, the concentration and composition of the organic matter ingested can be highly variable in space and time and is not necessarily equivalent to the ambient, or bulk, sediment found in their feeding areas.
Organisms feeding at the sediment-water interface respond rapidly to changes in fluid flow and particle transport. Organisms capable of feeding on suspended and bedload material will do so when exposed to nutritious particles in transport (e.g., Dauer et al. 1981; Nowell et al 1989; Miller et al 1992; Bock and Miller 1996, 1997) . Dedicated suspension feeders often alter their feeding strategy when flow and particle transport conditions change (e.g., Bricelj 1984; Bricelj et al. 1984; Rhoads et al. 1984; Bayne et al. 1987; Grizzle and Lutz 1989; Grant et al. 1990; Ward et al. 1996) . Dedicated deposit feeders may adjust the size of their feed- 
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ing area or stop feeding altogether in response to increases in fluid flow and particle transport (e.g., Levinton 1991; Miller et al. 1992; Karrh and Miller 1996) . Thus, fluid flow and particle transport clearly influence feeding behavior.
In addition to the physical factors discussed above, changes in the biochemical composition of food particles can also influence feeding behavior. Mathematical modelers have attempted to predict how the feeding rate will change in response to changes in food concentration (e.g., Penry and Jumars 1987; Dade et al. 1990) . At low food concentrations, feeding rates should be low and should increase with increasing food concentration, up to intermediate values. At higher food concentrations, the feeding rate should decrease. Experimental manipulations of food concentration have revealed that this relationship in fact exists in all deposit feeders examined to date (e.g., Taghon and Greene 1990; Karrh and Miller 1994; Bock 1995) . The models and experiments described above explore the steady-state response to changes in food resources, ignoring the time scale of the response. However, since changes in food resources can occur over many time scales (hours to days), an understanding of the link between the time scale of the feeding rate response and biochemical changes in food resources is critical.
The time scale of the response to changes in diet by benthic organisms feeding at the sediment-water interface has received little attention. However, Miller (1992) found that the deposit-feeding hemichordate (Saccoglossus kowalevskii) exhibited an increase in feeding rate after 1 h when switched from a substrate with a low organic-matter concentration to one with a high organic-matter concentration. When switched from a substrate with a high concentration of food to one with a low concentration, the feeding rate declined after 4 h. These results suggest that adjustments in the feeding rate are related to feedback from the hindgut, with the asymmetry being attributed to changes in the gut throughput time when feeding on substrates of differing nutritional quality. These changes in feeding rate, those induced by changes in food concentration, occur much more Response to a change in diet slowly than do changes induced by flow and sediment transport.
Organisms could use many strategies to deal with variability in food resources, including utilizing different digestive enzymes, altering the exposure time of the food substrate to enzymes, increasing the active uptake of digestive products, and increasing gut surface area. Penry (1993) maintains that adjustments in processing rate appear to be more easily accomplished than do reaction-adsorption adjustments, and thus, these adjustments could be an important response to diet variability. Hassett and Landry (1990) found that changes in digestive enzymes can occur on a 1-5-d time scale for zooplankton (similar data for deposit feeders are not available). It is unlikely that enzyme systems and uptake rates can be significantly altered on the same time scale as transport-induced changes in food resources, which can occur on less than a tidal or daily time scale (Bock and Miller 1995) . However, these parameters could be changed in response to seasonal fluctuations in temperature and primary productivity (Levinton and McCartney 1991) . Gut throughput occurs on a similar time scale to that of transport-induced phenomena, such as tidal transport and storm passage, and could provide one mechanism for organisms to use to maximize assimilation.
In these experiments, we examined particle selectivity and the response to a change in diet, since these are feeding parameters that are easily alterable in order to maximize food intake in the face of diet variability. Our goals were (1) to determine if three species of tentaculate deposit-feeding polychaetes are particle-size selective, (2) to quantify the feeding-rate response to step changes in diet, and (3) to develop hypotheses to use in exploring the observed response to a change in diet.
Methods
Species collection and housing-Two spionid polychaetes (Spio setosa and Marenzelleria viridis) and a chaetopterid polychaete (Spiochaetopterus oculatus) were collected from an intertidal sandflat at Breakwater Harbor, Delaware (38Њ46ЈN and 75Њ06ЈW), during low tides 1-2 weeks before being used in an experiment (sites previously described by Bock and Miller 1995) . Individual worms were housed in 50-ml centrifuge tubes that were filled with 1 mm sieved, macrofauna-free sediment that had been collected from the same location. Worms were then transferred to a laboratory seawater table (33‰ salinity and 20ЊC) with a flow speed of 2-3 cm s Ϫ1 . Under these conditions, all three species deposit feed exclusively (see Miller et al. 1992 and Bock and Miller 1996 for a description of feeding behavior under flow).
Particle selectivity-At least 20 individuals of each species were collected and housed as described above during the week of 5 August 1994. Particle-size selectivity experiments were performed in a laboratory seawater table on 10 August 1994. Ten randomly selected individuals of each species were allowed to feed on a mixture of two sizes of glass beads, with flake fish food added to increase the palatability ). The bead sizes were chosen based on the mean grain size of Breakwater Harbor sediment (250 m). The mixture consisted of 16 g of 88-127-m glass beads, 126 g of 177-250-m beads, and 0.2 g Tetramin flakes, resulting in equal numbers of both sizes in the mixture. The flakes rapidly dissaggregate, leaving no visible solid particles, indicating that the beads were coated. The treated beads were spread into 6-cm-diameter plastic petri dishes to a depth of 1 mm and were frozen until use (Taghon 1982) . The frozen disks were gently placed on the sediment surface, where they quickly thawed. After several hours, fecal pellets were gently removed with a pipette. We were successful in avoiding contamination of the fecal samples with beads from the feeding area (pers. observation) Ambient samples were collected by coring with a soda straw (Taghon 1982) . Beads were counted on a dissecting microscope at ϫ120. At least three fields of view were counted for each sample, resulting in ϳ250 beads per ambient and fecal sample per worm. The proportion of test beads (in this case, small beads) to the total number of beads (small plus large beads) was calculated for each sample. An individual's selectivity (L) was calculated using the ambient test bead proportion (p a ) and the gut, or feces, proportion (p g ) in a base-10 logarithm of the odds ratio .
The log odds ratio is the ratio of the probabilities of ingestion of the test and the control beads. A positive log odds ratio indicates selection for the test bead over the control bead (small versus large beads, in this case).
Gut volume and residence time-At least 22 worms of each species were collected during the week of 10 October 1994 and housed as described above. Gut volume and gut residence time were measured on all of the collected worms on 26 October 1994 using a fluorescent tracer (Miller and Ray 1988) . At the start of the experiment, feces were removed and a thin layer of fresh sediment with a trace number of dyed particles (5% by mass) was added (Miller and Ray 1988) . The worms were permitted to feed until dyed sediment was egested. The time elapsed for each worm was recorded, and the egested sediment was collected with a pipette. The collected sediment was rinsed with deionized water, dried, and weighed to Ϯ1 mg to measure gut capacity. Gut capacity was converted to gut volume using an assumed sediment bulk density of 1.4 g cm Ϫ3 (Bock and Miller 1995) . The worms were then removed from their tubes and housed in sediment-free beakers filled with seawater. After 2 d, all of the sediment in their gut was egested (as evidenced by the cessation of defecation), and the worms were measured for length, wet weight, dry weight, and ash-free dry weight. No evidence of residual ingested sediment was found in the ashed worm samples.
Response to a change in diet-At least 22 worms of each species were collected during the week of 3 January 1995. On 12 January 1995, for each species, 18 randomly selected worms were sequentially exposed to high, low, and then high organic-matter concentration treatments. Food substrates were produced by dry sieving Breakwater Harbor sediment on a shaker table. Particles that passed through a 250-m sieve and were retained on a 177-m sieve were ashed overnight at 450ЊC and then washed with deionized water. The sediment was then dried, resieved, and re-ashed. For both treatments, bovine serum albumin and Gerber's Mixed Cereal were added (1 : 5 by weight) to organic free sediment. Two organic-matter concentrations were used, 0.05-mg g Ϫ1 sediment and 0.4-mg g Ϫ1 sediment. The night before, a 3-4-mm thick layer of high-concentration sediment (0.4 mg organic matter per gram) was added as seawater slurry using a turkey baster. The morning of the experiment, another 3-4-mm layer was added, and feces were collected every hour for 3 h. A layer of low-concentration sediment (0.05 mg organic matter per gram) was then added, and feces were collected every hour for 4 h. Finally, a layer of high-concentration sediment was added, and feces were collected every hour for 4 h. Fecal samples were first washed with deionized water and were then dried overnight at 80ЊC and weighed to Ϯ1 mg for each worm during each time period. The results for each species were examined using repeatedmeasures analysis of variance (ANOVA), with time as the treatment factor and individual worms representing the repeated factor. C-Matrix multiple comparisons were performed in order that we could examine the responses to a change in diet. For each species, the last measurement from the initial high-organic-matter concentration period (t ϭ 3 h) was compared to the four subsequent low-concentration measurements (t ϭ 4, 5, 6 and 7 h, respectively); the P values were Bonferonni adjusted. The last low-organic-matter concentration measurement (t ϭ 7 h) was compared with the four (subsequent) high-concentration measurements (t ϭ 8, 9, 10 and 11 h, respectively); again, the P values were Bonferroni adjusted for the four comparisons performed for each species.
Results
Particle selectivity-For all three species, all worms exhibited a positive log odds ratio, indicating the selectivity of small beads over large beads (Fig. 1) . The mean log odds ratios for each species were all significantly different from zero (P Ͻ 0.001, using a one-sample t-test).
Gut volume and residence time-All three species exhibited similar gut capacities and gut residence times (Fig. 2) . Mean gut capacities were between about 14 and 18 mg, and the confidence intervals overlapped, resulting in gut volumes of 0.010 to 0.012 cm 3 (Table 1 ). The mean residence times were 2-2.5 h, and the 95% confidence intervals overlapped (lower panel of Fig. 2 ). Pearson's correlation coefficients were calculated to test for a relationship between gut capacity, gut residence time, and the body size parameters. No significant correlations were found for any of the three species (in all cases, P Ͼ 0.25).
Response to a change in diet-
The results were examined using repeated-measures ANOVA, and Greenhouse-Geisseradjusted P values are reported to correct for possible violations of the sphericity assumption (Kirby 1993 ). There was a significant time effect for all three species, indicating a change in their egestion rates over the course of the experiments (S. setosa, P Ͻ 0.001; S. oculatus, P Ͻ 0.001; M. viridis, P ϭ 0.027). The mean egestion rates and the results of the C-matrix multiple comparisons are shown graphically in Fig. 3 . C-Matrix comparisons yield an F ratio using the local error terms (i.e., the error terms are composed of data from just the means being compared). This ensures that the F-tests are independent and truly distributed as F, but it limits the degrees of freedom (Kirby 1993 ). There was a rapid reduction in feeding rate with the addition of low-organicmatter sediment, which leveled off in about 2 h. There was a rapid increase after the addition of high-quality sediment, with egestion rates again leveling off in about 2 h. This pattern was consistent for the three species examined. S. oculatus and S. setosa exhibited a significant reduction in egestion rate after 1-2 h when switched to low-quality material and a significant increase after 1-2 h when switched to highquality material. M. viridis showed significant differences in the feeding rate 3 h after the changes in food concentration. As evidenced by the variability exhibited in the initial highorganic-matter period (t ϭ 1-3 h), other trends in the results could be attributable to within-treatment variability rather than to some experimental effect.
Discussion
All three of the species examined selected small glass beads in preference to the larger size beads. The log odds Fig. 2 . Gut capacity and gut residence time results. The gut capacities were determined by weighing the feces egested before dyed sediment appeared. Gut residence times denoted by filled circles were determined using the appearance of dyed sediment; error bars ϭ 95% confidence intervals for the means. S. oculatus, n ϭ 24; S. setosa, n ϭ 25; M. viridis, n ϭ 22. Residence times denoted by the error bars with no symbols were calculated using the measured gut capacities and representative feeding rates for low-and high-concentration treatments from the change in diet experiments. The range of residence times for the species examined in Taghon and Jumars (1984) ratios compare well to those of other researchers, especially for control and test particles of diameters within a factor of two (Miller 1984; Self and Jumars 1988) . This study provides additional evidence that tentaculate polychaetes are particle-size selective. This selectivity has important implications for bioturbation (e.g., Jumars et al 1981; Wheatcroft and Jumars 1987) and feeding behavior (Taghon and Greene 1990; Karrh and Miller 1994; Bock 1995 ). An important consequence of selectivity is that the biochemical composition of the ingested material is not represented by measurements of the bulk sediment. Given the heterogeneity of particle sizes in real sediments, the concentration of organic matter ingested by a selective deposit feeder could be many times higher than the bulk concentration. In addition, the differences between the bulk sediment and the ingested particles could be unpredictable, making it difficult to use functional-response results obtained in the laboratory to predict feeding rates in the field (but see Karrh and Miller 1994 for a possible exception). Selectivity could also complicate studies of digestive physiology and optimal digestion theory because of the attendant difficulty in determining the biochemical composition of the ingested material. Using particles with a narrow size range and similar organic coatings can solve this problem by presenting a homogeneous food source (e.g., Bock 1995); however, these results cannot be easily extrapolated to the field. A quantitative understanding of the mechanics of particle selection is required in order to effectively estimate the ingestion rate of organic matter in the field.
All three species exhibited similar gut volumes and gut residence times; however, they varied greatly in body size (Table 1 ). Gut residence times over a range of organic-matter concentrations, found by Taghon and Jumars (1984) for three additional species (Amphicteis scaphobranchiata, Hobsonia florida, and Pseudopolydora kempi japonica), compare well with the results of our experiments (Fig. 2) . It is unclear if the constancy in gut residence times is indicative of a general trend relating food concentration and residence time across species. It is important to note that polychaetes have been found to adjust gut fullness (Jumars and Self 1986; Bock and Miller 1995) , and, thus, our measurements of gut volume are an estimate of the amount of material in the gut and not the volume of the gut. Fig. 3 . Response to a change in diet. The egestion rates are plotted versus time for the three species. All three species show a response to a change in diet. The * symbols indicate the significance level of the multiple comparisons with respect to t ϭ 3 h (***, P Յ 0.001; **, P Յ 0.01; *, P Յ 0.05.) The # symbols indicate the significance level of the multiple comparisons with respect to t ϭ 7 h (###, P Յ 0.001; ##, P Յ 0.01; #, P Յ 0.05). n ϭ 18 for each species. For all three species, the feeding rate decreased when worms were switched from high-to low-concentration treatments and increased when they were switched from low-to high-concentration treatments. For S. oculatus and S. setosa, the change in feeding rate was significant after 1-2 h; for M. viridis, the trends were the same, but significant differences were only detected after 3 h. Bock (1995) examined the steady-state feeding rate response to organic-matter concentration for the same species and over the same organic matter and particle treatments used in these experiments. The steady-state feeding rates from Bock (1995) compare well with those found in our experiment a few hours after a change in diet (Fig. 3, Table 2 ). For M. viridis, the differences in the steady-state feeding rates at 0.05 and 0.4 mg organic matter (OM) g Ϫ1 were much less pronounced than for S. oculatus and S. setosa (Table 2) , which could account for the lack of statistically significant differences at 1-2 h in the present study. Based on these results, it is unwise to speculate that the time scale of response of M. viridis differs from that of S. oculatus and S. setosa. For all three species, the feeding rates reached what appears to be a new steady state within about 2 h (Fig. 3) . The rapid changes observed here contrast with the slower adjustment in feeding rate observed by Miller (1992) for S. kowalevskii, and they suggest a foregut/midgut feedback mechanism. We hypothesize that changes in the feeding rate occur in response to the early release of digestive products in the foregut/midgut. Mayer et al. (1995) incubated sediments with both commercially available enzymes and gut fluids from a deposit-feeding holothuriod. Significant quantities of peptides were released in as little as 15 min, indicating that the organisms could obtain useful information by monitoring absorption in the gut. If changes in the feeding rate occur in response to conditions in the hindgut, adjustments in feeding rate would occur more slowly than the gut throughput time (about 2 h, Table 1 ). It is important to note that Miller (1992) rejected the foregut/ midgut feedback hypothesis based on the delay in the response of S. kowalevskii. Limitations in our method of measuring the feeding rate by monitoring the egestion rate may have introduced some bias. Bock and Miller (1995) reported changes in gut fullness in M. viridis and attributed these changes to changes in the feeding rate. M. viridis has about 250 setigers, and the average gut fullness changed from 25 to 75 empty setigers, translating into a gut that is 90% full and 70% full (Bock and Miller 1995) . Based on the gut capacities and feeding rates we measured, this translated into a change of about 3.9 mg of sediment in the gut. Marenzelleria ingests this amount of material in 1-2 h, suggesting that our egestion rate experiments should have a temporal resolution of 1-2 h. Based on these calculations, it is surprising that we saw an almost immediate change in the feeding rate in response to changes in the food concentration. Jumars and Self (1986) related changes in the feeding rate to changes in gut fullness. They found that a decrease in the ingestion rate corresponded to a decrease in gut fullness. This relationship between the feeding rate and gut fullness necessitates a lag between changes in the ingestion rate and changes in the egestion rate. The implication of this lag is that we may overestimate the time it takes to detect a change in the ingestion rate by monitoring the egestion rate. Since we did detect a rapid change in the egestion rate, we conclude that changes in gut fullness occur gradually and probably did not have a significant impact on our estimates of the egestion rate. Based on these arguments, we are confident in concluding that the three species used in our experiments changed their ingestion rates in less than 1 h when exposed to a change in diet.
The importance of a rapid response to a change in diet is unclear. We hypothesized earlier that an organism should retain high-quality material in its gut when subjected to lowfood concentration material and should flush low-concentration material from its gut when exposed to high-concentration material. The results show that this does not occur and that the response to a change in diet is simply a modulation of the feeding rate to a new steady state. Does this really represent a ''mistake'' by the organisms? Field data suggest that food resources in the field change on many time scales, from seasonal to daily or hourly scales (Karrh and Miller 1994; Bock and Miller 1995) . If most changes occur on an hourly or greater time scale, the organisms are probably not exposed to step changes in diet, such as those explored here. In order to benefit from retaining or flushing material from the gut in response to a change in food resources, these changes must occur rapidly in relation to gut throughput times. Tidal bores in shallow areas represent one such possible mechanism for step changes in diet. Anderson and Mayer (1984) found that tidal flood fronts can transport a large amount of high-quality material to feeding areas. Jumars and Self (1986) examined the feeding response of Pseudoploydora kempi japonica to the pulse of particle transport associated with the incoming tide and found that the organisms dramatically increased their feeding rate. Thus, tidal fronts clearly represent a possible source of a step change in diet to which organisms could respond. The influence of tidal fronts in shallow water compared with other more gradual sources of variability is unknown. Further, the effects of tidal fronts are rapidly attenuated with depth. Thus, only some benthic organisms are exposed to such a step change in diet. Regardless, our results show that laboratory studies with a moderate acclimation period (several hours) will be affected by preacclimation effects on the feeding rate. This underscores the importance of adequate acclimation periods in experimental studies of feeding rate.
